We examine the hypothesis of decaying heavy dark matter (HDM) in the context of the IceCube highest energy neutrino events and recent limits on the diffuse flux of high-energy photons. We consider dark matter (DM) particles X of mass 10 6 ≤ M X ≤ 10 16 GeV decaying on tree level into X → νν, X → e + e − and X → qq. The full simulation of hadronic and electroweak decay cascades and the subsequent propagation of the decay products through the interstellar medium allows us to determine the permitted values of M X . We show that for leptonic decay channels it is possible to explain the IceCube highest energy neutrino signal without overproducing high-energy photons for M X 5.5 · 10 7 GeV and 1.5 · 10 8 M X 1.5 · 10 9 GeV, while hadronic decays contradict the gamma-ray limits for almost the whole range of M X values considered. The leptonic hypothesis can be probed by operating and planned gamma-ray observatories. For instance, the currently upgrading Carpet experiment will be capable to test a significant part of the remaining parameter window within one year of observation.
Introduction
The first measurement of the high-energy cosmic neutrino flux by the IceCube experiment [1, 2] has stimulated many theoretical works, examining in detail the possible sources and production mechanisms of these high energy neutrinos -for a recent review see, e.g. Ref. [3] . Most often extragalactic sources of astrophysical neutrinos have been discussed as potential neutrino sources, since in this case the consistency of the observed arrival directions with isotropy can be naturally explained. However, none of the proposed source models could be confirmed yet. The authors of Ref. [4] suggested recently that an excess of TeV γ-rays detected in the Fermi-LAT data at large Galactic latitudes is the counterpart to the neutrino flux seen by IceCube. This would imply that a significant fraction of the observed neutrino has a Galactic origin.
In this work, we consider the scenario where the highest energy IceCube events, namely those constituting the extremely high energy (EHE) neutrino data set [5, 6] , are originating from the decays of heavy dark matter (HDM) particles. Since in such a scenario the flux is dominated by the Galactic component [7] , HDM decays could explain naturally the TeV γ-ray excess suggested in Ref. [4] . Originally proposed in Ref. [8] , HDM decays as explanation for the IceCube neutrino flux were studied in detail in several works assuming different particle physics models [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . It was shown, that while explanations of the IceCube data using hadronically decaying HDM are in tension with the diffuse gamma-ray flux limits [15, 19] , models with leptonic decays are not, remaining viable candidates for the explanation of the neutrino flux. In this work we reconsider the allowed range of HDM masses compatible with the IceCube EHE events, using recently updated limits on the diffuse gamma-ray flux from the KASCADE collaboration. We also assess the potential of future diffuse gamma-ray measurements to constrain this explanation further. The main difference of the present study from the majority of works explaining the IceCube events with dark matter decay is the consideration of broad dark matter masses range using the same technical setup.
For masses > ∼ 50 TeV, dark matter particles were never in thermal equilibrium. Possible alternative production processes via gravitational interactions or other nonthermal processes in the early Universe have been widely discussed [7, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] (see also [30] [31] [32] ). Depending on the specific production mechanism [26, 28, [33] [34] [35] [36] , the mass of the HDM particle could be constrained from cosmology. However, in this work we do not fix any particular production model and consider masses in the range 10 6 ≤ M X ≤ 10 16 GeV. Since annihilation cross sections are bounded by unitarity as σ
, stable X particles would lead to an undetectable signal in indirect dark matter searches. Therefore we consider unstable particles X, keeping their lifetime τ as free parameter. The two main parameters of a HDM particle, its mass M X and lifetime τ , can be constrained comparing the flux of high-energy particles produced by decaying HDM particles with observations. Constraints used are the shape of the cosmic ray spectrum and the anisotropy of the cosmic ray flux [38] [39] [40] , gamma-ray flux limits [15, [41] [42] [43] [44] [45] and neutrino data [15, 17, 19, [46] [47] [48] .
This study complements our previous works [19, 39, 44] on HDM constraints applying high-energy gamma rays, neutrinos and cosmic-ray anisotropy data. The paper is organized as follows: In Sec. 2 we give a brief overview of the decay of heavy particles and the simulation of the decay cascades. In Sec. 3, we describe how we model the propagation of the decay products through the cosmic medium. In Sec. 4, we discuss the procedure of constraining the mass and lifetime of HDM particles with gamma-ray and neutrino data and derive actual and prospective constraints. Finally, we discuss the results in Sec. 5.
Heavy dark matter decays
We consider HDM particles of masses 10 6 ≤ M X ≤ 10 16 GeV decaying at tree level into quarks and leptons. A characteristic feature of the decays of particles with masses much larger than the electroweak scale, M X m W , is the occurrence of an electroweak cascade in addition to the usual QCD cascade [49, 50] . The hadronic decay channels of such heavy particles including the underlying (SUSY) QCD cascade were studied in detail in many works, using both Monte Carlo methods [51, 52] and the numerical evolution of the DGLAP equations [52] [53] [54] [55] [56] . These results were then used in more recent studies like those of Refs. [19, 39, 44] , where both new constraints on γ-ray fluxes and the neutrino flux measurements of IceCube were applied. In contrast, the leptonic decay channel has received much less attention.
For particles with masses up to 10-100 TeV a large variety of decay and annihilation channels into standard model particles have been studied in great detail, see for instance Ref. [57] and the references therein. In this work it was shown that among all possible decay channels the hadronic and leptonic ones yield the softest and the hardest energy spectra, respectively, for both gamma rays and neutrinos in the final state. Therefore the constraints on HDM parameters that would be obtained for other decay channels (e.g. those related to gauge bosons) or for their combinations should lie somewhere between the constraints derived for the leptonic and hadronic decays. In the following, we consider, therefore, only these two options.
Hadronic decay channels
First, we will discuss the hadronic decay channel, X →qq, where q denotes a quark with arbitrary flavor. Since M X m q for all flavors, the energy spectra of final-state particles are practically independent on the flavor of the initial quark. For the evolution of the DGLAP equations, we use the numerical code from Ref. [52] , where also a detailed description of its theoretical basis was given. Here we note only a few key points: For X →qq, the three main physical phenomena are the perturbative evolution of the QCD cascade from scales t = M 2 X to t ∼ 1 GeV 2 , the following hadronization of partons and subsequent decay of unstable hadrons. The impact of electroweak corrections on the cascade development is negligible compared to other theoretical uncertainties.
To leading order in α s , the total decay spectrum F h (x, s) at the scale t is given by the sum of the parton fragmentation functions D h i (x, t), where x ≡ 2E/M X is the dimensionless energy fraction transferred to the hadron and i denotes the parton type: i = {q, g}. The fragmentation functions at some high scale t ∼ M 2 X can be evolved from the experimentally measured fragmentation functions at low t with the help of the DGLAP equations [58] [59] [60] (for details see Refs. [44, 52] ).
The initial fragmentation functions are taken from Ref. [61] , parametrized at the scale M Z , averaged over flavors and extrapolated to the region 10 −5 ≤ x ≤ 1. We take into account only the contribution of pion decays and neglect the contribution of other mesons which was estimated in Ref. [52] to be of order 10%. Finally the spectra of photons, electrons and neutrinos are determined from the following expressions, respectively,
where
0.573, R = 1 1−r and the functions f ν i (x) are taken from Ref. [62] :
Note that dN e /dx denotes the combined spectrum of electrons and positrons and dN ν /dx the combined spectrum of neutrinos and antineutrinos of all flavors. Also note that the primary electrons contribute to the observable photon flux because of their interactions in the Galactic halo (see the Sec. 3). Examples of photon, electron and neutrino spectra for two values of the X particle mass and for both hadronic and leptonic decay channels are shown in Fig. 1 .
Leptonic decay channels
In the case of a tree-level decay to leptons of a particle with mass M X m W , large logarithms ln
invalidate perturbation theory, leading to the development of an electroweak cascade [63] . Since the electroweak gauge bosons split also into quarks q, there will be a mutual transmutation of "leptonic" and "QCD" cascades. The shape of the hadron energy spectra is however only marginally influenced by the leptons: first, because the QCD cascade is determined mainly by gluons g, and, second, because the probability of q → q + g is much larger than of, e.g., q → q + W . On the other hand, splittings like W →act continuously as a sink for the particles and energy of the electroweak part of the cascade. In order to take into account this effect properly we have performed therefore a Monte Carlo simulation including both the QCD part as described in [51] the electroweak sector. The latter follows the scheme described in [63] , distinguishing however now between charged and uncharged leptons and including photons. The hadronization is based on the procedure described in [52] , and the resulting photon, electron and neutrino spectra are calculated as in Sec. 2.1. Similar as the hadronic cascade is insensitive to the flavor of the initial quark, the leptonic cascade very weakly depends on the choice of the initial lepton type. The only exception is the spectrum at x=1, corresponding to not branching particles. However, for the mass range M X ≥ 10 6 GeV, these particles give no contribution to the constraints. To be more specific, the difference between X →νν and X → e + e − injection spectra at x < 1 is within 15%,; moreover, it decreases with smaller x, while the experimental flux detectability grows with decreasing x making the highest x parts of the spectrum less relevant for the experimental search. Therefore it is sufficient to consider the decay X →νν as a generic case for the leptonic channel.
Source distribution and high-energy particles propagation
It is convenient to consider separately the flux from dark matter (DM) decays in the Milky Way and the extragalactic flux from the entire Universe. In this work we use flux predictions for photons with energies above 100 TeV to build the constraints. The attenuation length of photons with such energies is small enough to neglect their extragalactic contribution (see e.g. Fig. 7 of Ref. [64] ). For the neutrino flux, the contribution of individual distant sources is negligible, but the total extragalactic flux is sizable because neutrinos propagate over cosmological distances unattenuated. The Galactic part of the DM decay neutrino flux is described by the following expression:
where ρ DM (R) is the DM density as a function of the distance R from the Galactic center, r is the distance from the Earth, l and b are galactic coordinates and dN dE (E, l, b) is the spectrum of neutrinos per decaying X particle. The integration is taken over all the volume of the Milky Way halo, for which we assume R max = 260 kpc. We use the Navarro-Frenk-White (NFW) profile for the dark matter density [65, 66] 1) with the parametrization for the Milky Way from Ref. [57] .
The evaluation of the isotropic extragalactic neutrino flux takes into account the cosmological redshift:
where c/H 0 = 1.37 · 10 28 cm is the Hubble radius, ρ 0 = 1.15 · 10 −6 GeV/cm 3 is the present average cosmological dark matter density, Ω m = 0.308 and the injected spectrum dN dE is evaluated as a function of the particle energy at redshift z, E(z) = (1 + z)E. For neutrinos, the injected flavor composition is also modified by oscillations during their propagation. We assume that the flux reaching the Earth is completely mixed, i.e. that the flavor ratio ν e : ν µ : ν τ equals 1 : 1 : 1.
To calculate the photon flux one has to take into account attenuation effects. e ± produced in X-particle decays rapidly loose their energy via synchrotron losses and upscattering CMB photons. Both processes contribute to the observable secondary γ-ray flux. The γ-rays with energies above few hundred TeV may in turn produce e ± pairs on CMB photons on a scale of tens of kpc. We take these effects into account by calculating the flux from pointlike volumes inside the halo using the numerical code [64, 68] and weighting the contributions of different volumes according to Eq. (4). The numerical code simulates the development of electron-photon cascades on the CMB driven by the chain of e ± pair production and inverse Compton scattering. While the code allows to calculate the flux of the cascade and synchrotron photons, it does not take into account deflections of e ± by the magnetic field in the Galactic halo. Since electrons in the code propagate rectilinearly, they produce less cascade photons. Therefore, the flux of photons calculated in this approximation should be considered as a conservative lower bound. For the case of e ± decay products an opposite approximation is often used (see e.g. Ref. [57] ). Namely, one assumes that electrons are kept by magnetic fields in the region of their production until they loose all their energy via synchrotron or inverse Compton up-scattering of CMB photons. The secondary gamma rays then propagate towards the observer rectilinearly. We calculate the secondary γ-ray flux in both of these approximations, which we call below straight and diffusive, correspondingly. We can estimate the relevance of these two approximations as follows: Electrons with energy E = 10 15 eV have a Larmor radius R L 100 pc in a magnetic field of strength B = 0.1µG. Assuming that the turbulent field has a coherence length of order 100 pc, electrons with smaller energy diffuse in the large-angle scattering regime. Then the energy-loss time due to synchrotron radiation is at all energies of interest smaller than the escape time from an extended magnetic halo of size ∼ 50 kpc.
1) In our previous study [44] , we have compared the DM constraints for the NFW and the Burkert [67] DM profiles and found that the resulting differences are negligible. Therefore, we consider here only the NFW profile. The prompt and the secondary photon fluxes obtained in both approximations are compared with the prompt flux calculated without attenuation effects in Fig. 2 . One should note that for the hadronic decay channel the secondary γ-ray flux is subdominant for both high and low M X : it starts to dominate only at the low x part of the energy spectra for M X 10 15 GeV due to synchrotron emission. Therefore the impact of the secondary γ-ray on the HDM constraints is negligible for the X →channel if M X 10 15 GeV. Besides the e ± propagation regime, the secondary gamma-ray flux also depends significantly on the value of the magnetic field in the Milky Way halo. Both the strength and the structure of this field are rather uncertain, but, e.g., in the simulations of Ref. [69] the field strength is of the order B 10 −7 G at 50 kpc distance from the center of Milky Way-like galaxies. To account for these uncertainties, we consider as two representative cases the constant values B = 10 −7 G and B = 3 · 10 −7 G for the magnetic field strength disregarding its possible dependence on distance from center. We compare the propagated prompt and secondary spectra for the above cases and two values of the DM mass in Fig. 3 .
Since the Galactic flux is anisotropic due to the Sun's position in the Galaxy and 14 GeV (bottom) are independent of e ± propagation assumption. All spectra are corresponding to the exposure of the Telescope Array experiment (see Sec. 4 for details).
propagation effects, the flux prediction for a specific experiment has to be convolved with its exposure.
Constraints on HDM parameters
In this study we assume that the whole high-energy gamma-ray and neutrino flux is saturated by HDM decays. The procedure of building model constraints is somewhat different for gamma-ray and neutrino data. The gamma-ray exposure of EAS observatories has a universal angular dependence for all gamma-ray energies (since high energy gamma rays always produce an EAS in the atmosphere). Therefore the experimental gamma-ray results are given in the form of flux limits averaged over the experiment field-of-view (FOV). For the neutrino experiments, the exposure as a function of energy varies for different angular regions; therefore, the data are given as the number of observed events.
Gamma-ray constraints
We first discuss the gamma-ray limits and constraints. To compare the simulated photon flux with observations we need to convolve it with the exposure of the given experiment. For EAS experiments with 100% duty cycle the effective exposure is uniform over right ascension and sidereal time and can therefore be averaged over these variables. The relative exposure is given by [70] :
where δ is the declination, a 0 is the geographical latitude of the experiment, θ max is the maximum photon search zenith angle in the experiment and α m is given by
There is no need to know the overall normalization of the exposure, since experimental results are given as a flux limit differential over time, area and FOV. In the class of 100% duty cycle EAS experiments the most recent results are given by the Pierre Auger surface detectors [71] , the Telescope Array surface detectors [72] , Yakutsk [73] , EAS-MSU [74] , KASCADE and KASCADE-Grande experiments [75] . We also use the results of the CASA-MIA experiment [76] . It is worth noting that some of KASCADE and KASCADE-Grande's recent limits are somewhat less strict than their previous results. Therefore one expects weaker HDM-lifetime constraints. There are also strong limits provided by the Pierre Auger experiment in the hybrid mode [77] , in which duty cycle is however not 100% and its exposure is nonuniform over right ascension and sidereal time.
Since there is no publicly available description of the exposure dependence on sidereal time we use the same formula (6) for the Auger hybrid exposure implying the respective HDM constraint is a rough overestimation of the real one. The integral photon flux received by a given EAS observatory is expressed as:
where ρ(R) is the DM density as a function of the distance R from the Galactic center, r is the distance from the Earth, l and b are Galactic coordinates and
is the spectrum of primary and secondary photons produced per decaying X particle. The integration in the numerator is taken over all the volume of the DM halo (R max = 260 kpc) and in the denominator over all sky (the cut of the unseen sky regions is included into the definition of ω).
Given the predicted gamma-ray flux observable by the particular experiment we obtain the minimal DM lifetime by varying it until the flux matches at least one of the The white area is excluded. The gamma constraints shown assume secondary gamma rays from quasistraight propagation of e ± in Galaxy (white area) or diffuse e ± propagation (below solid blue line). The all-experiments constraint from both gamma ray and neutrino for the X →decay channel is shown by the solid red line. For neutrino data, the constraints are at 90% C.L. For gamma-ray data, the KASCADE, CASA-MIA, KASCADE-Grande and EAS-MSU constraints are at 90% C.L.; the Yakutsk, Pierre Auger and Telescope Array constraints are at 95% C.L. experimental limits. Separate constraints for X →and X → νν (X → e + e − ) decay channels are shown in Fig. 4 . For both channels the most strict constraints are given by the Pierre Auger Observatory, KASCADE-Grande, KASCADE and CASA-MIA. For each channel we show the constraints for two distinct cases of secondary photon flux calculation discussed in Sec. 3: quasistraight propagation of e ± and its diffusion until the complete emission of energy into photons. One can see that these two cases produce similar constraints starting from M X 5 · 10 9 GeV.
Neutrino constraints
In this work we use the neutrino observations by IceCube [5] , recently updated in Ref. [6] (Sec. 9). This data set contains two events with 2.6 PeV and 2.7 PeV energies, we assume that they have HDM origin. For comparison, we also use the results of neutrino nonobservation by Pierre Auger [78] .
We build HDM constraints with the neutrino data using the procedure discussed in detail in Ref. [19] . Namely, we compare the observed number of neutrino events with the number predicted by the model assuming the exposure of the particular experiment [79] . For the Galactic neutrino flux the calculation yields:
where the integration is performed over all the volume of the dark-matter halo (R < 260 kpc) and over the neutrino energy range ∆E accessible by a given experiment. In practice, the exposure is given for several zenith angle bands, averaged over each band. For IceCube we adopt the exposure as a function of declination (which uniquely translates to zenith angle in the case of IceCube) and energy as it is given in Ref. [80] and normalize it to the actual IceCube exposure of Ref. [5] . For the Pierre Auger Observatory we use the exposure given in Ref. [78] . The number of events from the extragalactic neutrino flux is
where the exposure ε(E) is integrated over the celestial sphere. The total number of events predicted by the model is
For each mass M X we constrain the lifetime τ according to the binned Poisson Monte Carlo procedure described in Ref. [19] . Namely, we generate many Monte-Carlo sets with the number of events in each energy bin, N i MC , following a Poisson distribution with mean λ i = N i th , which equals the expected average number of events for a given τ and M X . The minimal allowed value of τ is the value for which the fraction of Monte Carlo sets with N i MC > N i obs in at least one bin reaches the given confidence level. The method is applicable when the number of background events is negligible, which is true for the discussed IceCube data set [5] . The constraints on the parameter space {M X , τ } are presented in Fig. 4 .
Discussion
We have studied the hypothesis of heavy dark matter particles X of mass 10 6 ≤ M X ≤ 10 16 GeV decaying on tree level into X → νν, X → e + e − and X →in the context of the IceCube highest energy neutrino events and recent limits on the diffuse flux of high-energy photons. For neutrino flux constraints we have selected the data set [5, 6] among the various IceCube measurements as the most conservative one. The analysis cuts for this set are relatively strict, aiming at eliminating all atmospheric neutrino backgrounds. This should lead, of course, to a reduction in the total neutrino exposure, but two events with 2.6 PeV and 2.7 PeV energies in the resulting neutrino set are found to be consistent with astrophysical neutrino comparing to Monte Carlo simulations. In this study we assume that these events are of HDM decay origin, which does not contradict the mentioned IceCube studies. There are several works [15] [16] [17] that use other IceCube data sets [6, 82] to constrain the HDM parameters, as well as the recent work on HDM search by the IceCube collaboration itself [48] . These studies set HDM constraints employing a likelihood analysis of the neutrino spectrum, assuming an arbitrary combination of neutrinos with astrophysical and HDM decay origin in a wide energy range. The larger exposure of the data sets and the complexity of the fit models used in these studies results in quite strong constraints on HDM parameters. In contrast, the constraints derived in this work with a relatively simple approach are more conservative.
A comparison of gamma ray and neutrino constraints for the X → νν and X →decay channels is shown in Fig. 5 together with some γ-ray and neutrino constraints from Figure 5 : Gamma ray vs. neutrino constraints on HDM parameters for leptonic decay (left panel) and hadronic decay channels (right panel). For the leptonic decay, the constraints with secondary gamma rays from straight e ± (blue dashed line) and diffuse e ± (black solid line) are shown. For both decay channels, the prospective constraints for diffuse gammaray searches of the Carpet experiment [81] are shown for 1 year of Carpet2 observations (solid red line) and 5 years of Carpet3 observations (dashed red line). The constraints for X → νν channel from Refs. [45, 48] and for the X → bb channel from Refs. [15, 45, 48] are shown for comparison on the left panel and right panel, respectively.
other studies. One should note that for hadronically decaying HDM the neutrino constraints obtained in this work are weaker than the gamma-ray ones for almost the entire mass range considered. This implies that hadronically decaying HDM as an explanation of the highest energies IceCube events is disfavored. For the leptonic decay channel the situation is the opposite: the IceCube high energy signal could be explained by HDM with masses up to M X 5.5 · 10 7 GeV and 1.5 · 10 8 M X 1.5 · 10 9 GeV. The part of parameter space allowed by the current γ-ray limits can be further constrained with ongoing and future high-energy gamma experiments. For instance the Carpet EAS experiment of the Baksan Neutrino Observatory is currently operating and undergoing consecutive upgrades to an area of 410 m 2 (Carpet2) and 615 m 2 (Carpet3). After the later upgrade it will be sensitive to γ-rays in the energy range from 100 TeV to 30 PeV, with more than an order of magnitude increased sensitivity at 100 TeV compared to the current KASCADE limit [81] . In Fig. 5 we illustrate the range of model parameters which can be excluded by the Carpet experiment, if the γ-ray flux is not detected. One can see that the experiment will be capable to cover a significant part of the remaining open parameter space of models explaining the IceCube neutrino flux within one year of observation. It is able to close this window practically within five years of observation after the second upgrade.
However, the constraint obtained for the X → νν channel is dependent on the assumed value of the halo magnetic field. We compare the limits derived using the field strength values B halo = 10 −7 G and B halo = 3 · 10 −7 G in Fig. 6 : For higher magnetic field strength the flux of secondary photons is suppressed and the constraint weakens. We should also stress that in the case of X →channel the limits are not affected by the strength of the magnetic field, since the contribution of the secondary gamma rays to the total gamma-ray flux is negligible for this channel. Figure 6 : Gamma-ray vs. neutrino constraints on HDM parameters for leptonic decay: comparison of B halo = 10 −7 G and B halo = 3 · 10 −7 G cases for straight (left panel) and diffuse (right panel) propagation of electrons. In both cases the prospective constraints for diffuse gamma-ray searches of the Carpet experiment [81] are also shown by red lines.
